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Thermoelectric  generators  (TEGs)  have  been  identified  as  a  viable  technology  for  waste  energy  harvesting, 
from  heat  into  electricity.  Key  to  successful  realization  of  this  technology  on  a  commercial  scale  lies  largely 
with  the  thermoelectric  material  which  drives  this  technology.  While  bismuth  telluride  based  TEGs  dominate 
the  current  market,  liabilities  such  as  toxicity,  depletion  of  raw  resources  and  high  production  costs  have 
triggered  the  search  for  alternative  thermoelectric  materials.  One  of  the  contenders  as  thermoelectric 
materials  in  the  mid-temperature  range  is  the  family  of  Mg-Mn  silicides,  given  the  advantages  of  abundance 
of  raw  resources,  relatively  high  thermoelectric  performance,  lowered  production  costs,  and  environmental 
compatibility.  In  this  paper,  the  thermoelectric  performance  of  this  class  of  materials  is  first  reviewed  through 
the  key  thermoelectric  parameters:  thermal  and  electrical  conductivity,  Seebeck  coefficient  and  power  factor. 
The  development  fabrication  processes  for  this  class  of  materials,  using  nanostructuring  and  element  doping 
strategies,  are  then  elaborated.  Finally,  comments  on  the  thermoelectric  applications  and  device  efficiency  are 
made  within  the  context  of  this  material. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Global  energy  consumption  has  increased  exponentially  in  the 
last  century,  with  the  majority  of  the  energy  being  supplied  by 
fossil  fuels  [1-5  such  as  petroleum,  natural  gas,  and  coal  [6,7].  The 
burning  of  fossil  fuels  and  consequent  emission  of  greenhouse 
gases  have  an  adverse  impact  on  the  environment,  in  terms  of 
global  warming,  climate  change  and  pollution  [8-13].  In  heat 
engines,  only  approximately  30-40%  of  the  fossil  fuels  burnt  are 
utilized  as  useful  energy,  while  the  rest  is  wasted  heat  in  the  form 
of  exhaust  gases  and  friction  [14].  The  International  Energy  Agency 
indicated  that  the  electricity  and  heat  production  sectors  produce 
about  32%  of  the  global  greenhouse  gas  emissions,  which  is 
equivalent  to  49.5  gigatonnes  of  carbon  dioxide  in  2010.  In  the 
automobile  sector,  Alam  and  Ramakrishna  reported  that  191 
million  vehicles  in  US  have  dissipated  about  66%  of  energy  as 
wasted  heat,  which  amount  to  a  total  of  approximately  36  TWh/year 
of  emissions  to  the  environment  [15]. 

Thermoelectric  generators  (TEGs)  are  considered  as  a  leading 
technology  for  waste  heat  harvesting.  The  introduction  of  TEGs  is 
intended  to  mitigate  the  effect  of  fuel  consumption,  and  conse¬ 
quently  reduce  C02  emissions.  TEGs  have  a  potential  of  reducing 
40  million  tons  of  C02  emissions  per  year,  based  on  a  TEG 
efficiency  of  20%  [16].  Collectively,  TEGs  are  thought  to  be  applic¬ 
able  in  harvesting  waste  heat  from  the  industrial,  transportation 
and  domestic  sectors  [17-19].  Thermoelectric  is  an  energy  con¬ 
version  technology  which  allows  solid  state  conversion  of  thermal 
energy  directly  into  electrical  energy  and  vice  versa.  TEG  modules 
are  scalable  and  thus  applicable  in  systems  from  the  miniature 
miliwatt  level  (body  heat  and  portable  electronics  devices)  to 
large-scale  megawatt  applications  such  as  in  the  steelworks  and 
cement  industries  [20-22].  There  is  currently  a  concerted  effort  to 
reduce  energy  consumption  and  environmental  emissions  through 
TEG  technology. 

Recognizing  the  potential  of  TEGs  as  an  energy  harvesting 
technology,  nations  and  industrial  sectors  have  recognized  the 
value  of  TEG  technology  as  a  large-scale  programme.  Its  extensive 
implementation  is  crucial  for  energy  planning  and  policies,  in 
terms  of  cost  savings,  resource  optimization,  and  environmental 
protection  on  a  national  and  global  scale  [23-27].  For  example,  the 
Japanese  government  has  embarked  on  a  30-year  thermoelectric 
roadmap  (2010-2040).  This  roadmap  starts  from  the  synthesis  of 
nanostructured  thermoelectric  materials  to  eventual  implementa¬ 
tion  of  TEGs  in  smart  grid  cogeneration  systems,  and  large-scale 
centralized  TEG  systems,  as  shown  in  Fig.  1  [28].  On  a  similar  scale, 
Germany  is  targeting  an  era  of  renewable  energies  by  2050.  A  key 
component  of  this  programme  is  the  driving  of  thermoelectric 
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technologies  through  a  “nanothermoelectrics”  research  programme 
(2011-2014)  [29].  In  industry,  the  BMW  group  has  embarked  on 
a  20-year  thermoelectric  roadmap  as  shown  in  Fig.  2  which  is 
expected  to  result  in  approximately  10%  improvement  in  vehicle  fuel 
economy  through  thermoelectric  waste  heat  recovery  [30].  Similarly, 
the  US  Department  of  Energy  has  initiated  a  “FreedomCar”  pro¬ 
gramme  for  trucks  and  vehicles  which  utilize  the  TEGs  to  waste  heat 
from  automobile  engines,  with  the  aim  of  improving  fuel  economy 
by  10%  [31]. 

The  key  to  achieving  highly  efficient  TEGs  are  through  the 
development  of  highly  efficient  thermoelectric  materials.  How¬ 
ever,  other  criteria  such  as  cost,  ease  of  fabrication,  availability  of 
raw  resources,  toxicity  and  environmental  impact  and  end  of  life 
processing  also  play  an  important  role  in  the  selection  of  thermo¬ 
electric  material  for  TEGs  [32,33].  Currently,  the  high  cost  of  the 
materials  ($7-$42  per  Watt)  and  the  relatively  low  efficiency  of 
about  (6-8%)  of  the  thermoelectric  generators  limit  the  develop¬ 
ment  of  TEG  applications  on  a  large  scale  [34,35].  However,  TEGs 
do  have  the  advantages  of  having  no  moving  parts,  are  silent  and 
reliable  with  a  long  lifetime  (typically  more  than  100,000  h),  and 
in  most  cases,  environmentally  compatible.  Furthermore,  they 
are  compact  and  scalable,  and  thus  suited  to  a  wide  range  of 
applications. 

Thermoelectric  material  performance  is  defined  by  their 
dimensionless  figure  of  merit,  ZT,  as  shown  in  Eq.  (1),  and  where 
a  high  ZT  would  result  from  maximizing  the  Seebeck  coefficient  S 
and  electrical  conductivity  <r,  and  minimizing  the  thermal  con¬ 
ductivity  A*  [36]: 

ZT  =  S2T(T/K  (1) 

Existing  TEG  systems  rely  on  materials  generally  with  a  ZT  of  1.3- 
1.5  in  the  medium  and  wide  temperature  range  applications,  but 
true  commercial  viability  can  only  be  achieved  for  ZT  >  4  [37]. 
Novel  classes  of  materials  have  been  developed  in  thermoelectric 
such  as  skutterudites,  clathrates,  chalcogenides,  and  silicides.  For 
example,  in  the  family  of  silicides,  magnesium  silicide  thermo¬ 
electric  materials  offer  a  relatively  high  figure  of  merit  of  approxi¬ 
mately  1.3  and  lower  cost  thermoelectric  materials. 

Currently,  in  commercial  applications,  the  leading  materials 
used  in  TEGs  are  bismuth  telluride  and  members  of  the  skutter- 
udite  family  [38,39].  However,  silicides  such  as  magnesium  silicide 
are  gaining  interest  as  favorable  candidates  for  thermoelectric 
materials,  given  their  advantages  of  relatively  high  figure  of  merit, 
high  carrier  mobility,  lower  cost,  ecological  friendliness,  mechan¬ 
ical  strength,  chemical  strength  and  abundance  of  raw  materials. 
Generally,  for  magnesium  silicide,  the  ZT  is  comparable  to  bismuth 
telluride,  in  the  range  of  1.0-1.3  [40,41],  but  has  the  advantage  of 
lowered  cost  (Mg2Si0.6Sn0.4  4.04  $/kg)  compared  with  conven¬ 
tional  bismuth  telluride  (Bio.52Sbi.48Te3  125  $/kg)  [42].  Further¬ 
more,  Sano  et  al.  [43],  in  their  technical  report,  suggested  that  the 
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Fig.  1.  The  TEG  systems  applications  development  roadmap  [28]. 


Fig.  2.  Thermoelectric  generators  roadmap  of  the  BMW  group  [30]. 
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selling  prices  of  bismuth  telluride  thermoelectric  modules  range 
from  $7  to  $42  per  Watt,  while  Mg2Sn  has  almost  the  same 
performance  but  costs  less  than  a  quarter  of  the  price  [44]. 

The  figure  of  merit  may  also  be  evaluated  through  another 
material  parameter,  A  (where  A'aZT)  which  can  be  described  by 
the  following  equation  [45]: 

A  « (T/300)(m*/m) A  2/3(m/Kl)  (2) 

where  m*  is  the  carrier  effective  mass,  ju  is  the  mobility  in  cm2  V/s, 
and  Kl  is  the  lattice  thermal  conductivity  in  mW/cm  K.  High  carrier 
mobility  will  contribute  directly  to  electrical  conductivity.  Mg2Si  has 
been  shown  to  possess  a  significantly  high  carrier  mobility  at  room 
temperature,  i.e.  406  cm 2/V  s  for  n-type  and  56  cm 2/V  s  for 
p-type  [46],  compared  to  Ag*Sb2_*Te3_x  which  is  in  the  range  of 
14-144  cm2/Vs  [47],  Zn3P2  (177cm2/Vs),  and  MnSii.73  which  is 
about  130-200  cm2/V  s  [20].  Furthermore,  Mg2X  (X=Si,  Sn,  Ge) 
compounds  have  a  larger  value  of  material  factor  A  (3.7-14) 
compared  to  other  conventional  thermoelectric  silicide  materials 
such  as  silicon  germanium  SiGe  (1.2-2.6),  manganese  silicide 
1.4  and  iron  silicide  P~FeSi2  (0.05-0.8)  [45,48,49].  These  factors 
mentioned  above  have  indicated  that  the  Mg2  (Si,  Sn,  Ge)  group  is 
a  viable  candidate  for  commercial  thermoelectric  materials,  particu¬ 
larly  in  the  medium  temperature  range  500-900  K. 

This  paper  discusses  the  environmental  compatibility  of  ther¬ 
moelectric  materials  Mg2(Si-Sn)  as  energy  conversion  materials. 
Moreover,  the  thermoelectric  potential  of  these  materials  will  be 
discussed  in  the  context  of  the  governing  parameters:  thermal 
conductivity,  electrical  conductivity,  Seebeck  coefficient  and 
power  factor.  Subsequently,  strategies  to  improve  the  thermo¬ 
electric  performance  of  these  materials  through  nanostructuring 
and  doping  will  be  elaborated.  To  conclude  the  review,  discussion 
on  the  potential  applications  and  device  efficiency  as  thermo¬ 
electric  waste  heat  harvesters  will  be  provided. 


2.  Thermoelectric  properties 

2.1.  Thermal  conductivity 

The  thermal  conductivity  K  is  related  to  the  transfer  of  heat 
through  materials,  either  by  the  charge  carrier  (electrons  or  holes), 
lattice  waves  (phonons),  electromagnetic  waves,  spin  waves,  or 
other  excitations.  Normally,  the  total  thermal  conductivity  K  can 
be  written  by  the  Fourier  Law,  1822  [50]: 

q=-K-  (dT/dx)  (3) 

where  q  is  the  heat  current  density  flowing  through  the  material, 
dT/dx  is  the  temperature  gradient  in  the  material,  and  the  negative 
sign  indicates  that  the  heat  flows  from  the  hot  to  the  cold  end. 
A  reduction  of  thermal  conductivity  K  is  desirable  to  increase  ZT 
and  may  be  achieved  by  phonon  scattering.  Phonons  are  an 
important  source  of  scattering  in  heat  transfer,  and  its  scattering 
in  solid  solutions  is  defined  by  the  local  changes  in  density 
associated  with  the  different  atoms  [51].  Thermal  conductivity 
through  a  crystalline  lattice  may  be  described  in  terms  of  its  lattice 
vibration  and  electron  contributions,  as  follows  [52]: 

K  =  KL+Ke  (4) 

where  KL  and  Ke  are  the  lattice  vibration  and  electron  thermal 
conductivities,  respectively.  The  lattice  thermal  conductivity  com¬ 
ponent  can  be  described  by  following  equation  [53]: 

^Lattice  —  (Cv17s^ph)  (5) 

where  Cv  is  the  heat  capacity  (specific  heat  of  the  lattice),  Vs  is  the 
sound  velocity,  and  Aph  is  the  phonon  mean  free  path  (mfp). 
In  metals,  electron  carriers  are  mainly  responsible  for  heat 


transfer,  carry  the  majority  of  the  heat,  while  in  insulators  lattice 
waves  dominate  the  heat  transfer  mechanism,  and  in  materials 
heat  conduction  is  attributed  to  both  electron  carriers  and  lattice 
waves  [54]. 

Materials  with  very  low  thermal  conductivities  are  required  to 
improve  the  performance  of  thermoelectric  material.  In  thermo¬ 
electric  materials,  there  are  several  ways  to  reduce  K  without 
affecting  5  and  cr  of  materials,  such  as  the  use  semiconductors  of 
high  atomic  weight  [55];  the  use  of  complex  structures  with  heavy 
atomic  weight  to  enhance  the  phonon  scattering,  reduce  the 
frequency  of  vibration,  and  formation  of  a  polycrystalline  nanos¬ 
tructure.  Low  thermal  conductivity  materials  which  have  complex 
structures  such  as  skutterudites,  clathrates,  half-Heusler  alloys, 
chalcogenides  and  novel  oxides  are  the  focus  for  high  efficiency 
thermoelectric  materials  [56].  For  example,  skutterudites,  as 
shown  in  Fig.  3,  can  be  filled  with  heavy  atoms  acting  as  “rattlers” 
to  reduce  the  thermal  conductivity  as  well  as  to  maintain  high 
electrical  conductivity;  and  consequently  improve  thermoelectric 
properties  [35,57]. 

Apart  from  modification  on  the  molecular  level  as  described 
above,  low  thermal  conductivity  may  also  be  achieved  through 
processes  such  as  mechanical  alloying  to  produce  nanocomposites. 
First  proposed  in  the  late  1950s,  mechanical  alloying  or  high 
energy  ball  milling  is  an  established  process  used  to  achieve 
synthesis  of  nanocrystalline  thermoelectric  materials  [58,59] 
through  reduction  of  the  grain  size  of  powder  particles.  The 
enhancement  in  thermoelectric  properties  of  these  nanocrystal¬ 
line  materials  is  largely  due  to  reduction  of  the  lattice  thermal 
conductivity,  with  its  KL  being  less  than  half  that  of  comparable 
bulk  material  at  room  temperature  [60].  The  reduced  lattice 
thermal  conductivity  coupled  with  only  a  slightly  reduced  carrier 
mobility  yields  an  increase  in  overall  ZT  of  these  nanocrystalline 
materials  [59]. 

For  Mg2Sii_*Snx  thermoelectric  materials,  their  high  atomic 
weight,  high  electrical  conductivity  and  very  low  lattice  thermal 
conductivity  result  in  a  relatively  high  dimensionless  thermo¬ 
electric  figure  of  merit  [61].  Generally,  the  thermal  conductivity  of 
the  Mg2Si-Sn  group  is  in  the  range  of  1.75-2.3  W/mK  [62].  The 
thermal  conductivity  of  Mg2Si  n-type  at  room  temperature  is 
11.17 W/mK  [63],  and  for  the  Mg2Si0.4Sn0.6  solid  solution  the 
thermal  conductivity  is  further  reduced  to  about  2.1  W/m  K  at 
T=  662  I<  [64].  There  are  several  approaches  to  reduce  the  thermal 
conductivity  for  the  Mg2(Si-Sn)  group,  such  as  choosing  a  suitable 
dopant  and  appropriate  processing  technique.  Zhang  et  al.  [62] 
studied  Mg2(Si,  Sn)  composite  thermoelectric  materials,  the 
results  showed  that  the  thermal  conductivity  of  the  undoped 
sample  was  2.3  W/m  K  at  room  temperature  and  decreased  to  a 
minimum  value  of  1.75 W/mK  at  ~520K.  A  maximum  dimen¬ 
sionless  figure  of  merit  0.81  at  810  K  was  attained  for  this 
compound.  In  2011,  studies  were  conducted  by  Liu  et  al.  [40  on 
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the  Mg2Si0.3Sn0.7  based  material  doped  with  Sb.  The  results  show 
that  Sb  dopant  is  able  to  significantly  reduce  the  lattice  thermal 
conductivity  (KL)  through  increased  point  defect  scattering. 
This  compound  is  able  to  achieve  a  maximum  value  of  ZT=  1.0 
at  640  K.  In  the  following  year,  Du  et  al.  [65]  studied 
Mg2Sio.5Sn0.5_xGaSbx;  the  results  showed  that  the  lattice  thermal 
conductivity  decreased  with  increasing  GaSb  dopant  and  a  max¬ 
imum  dimensionless  figure  of  merit  0.47  was  obtained  at  660  K. 

Most  of  the  recent  investigations  have  been  focused  on  solid 
solutions  of  Mg2Sii_xGex,  Mg2Sii_xSnx  and  Mg2Sni_xGex  thermo¬ 
electric  materials  with  the  objective  of  simultaneously  increasing 
the  electrical  conductivity  while  decreasing  the  thermal  conduc¬ 
tivity.  Fig.  4  shows  the  variation  of  lattice  thermal  conductivity  of 
these  compositions  [66].The  thermal  conductivity  and  the  elec¬ 
trical  conductivity  are  coupled,  based  on  the  Wiedemann-Franz 
law  where  the  electronic  thermal  conductivity,  Ke,  can  be  esti¬ 
mated  by  the  given  equation  [67]: 

Ke  =  L0ctT  (6) 

where  L0  is  the  Lorenz  number,  o  is  the  electrical  conductivity  and 
T  is  the  absolute  temperature.  The  Lorentz  number  can  be 
described  by  the  following  equation  [68]: 

L0=L  =  (kKb)2/( 3e2)  =  2.44x  10"8  V2  K"2  (7) 

where  JCB  is  Boltzmann’s  constant  and  e  is  the  electron  charge  and 
L  is  the  Sommerfeld  value.  The  Lorenz  number  for  the  Mg2Sii  _*Sn* 
solid  solutions  have  been  found  to  be  1.8-1.9  x  10-8  V2  K-2  for  the 
carrier  concentration  of  1020  cm-3  [69].  Therefore,  the  Lorenz 
number  depends  on  the  majority  and  minority  carrier  concentra¬ 
tions,  as  well  as  the  temperature  [45]. 

It  was  found  that  bulk  polycrystalline  compounds  show  a  high 
figure  of  merit  for  n-type  materials  doped  with  Bi  or  Sb. 
It  appeared  that  p-type  materials  are  quite  difficult  to  be  stabilized 
in  these  phases.  However,  Noda  et  al.  [70]  have  achieved  p-type 
Mg2Si0.6Ge0.4  doped  with  Ag,  a  resulting  ZT  as  large  as  1.68  at 
629  K  was  obtained.  Fig.  5  shows  plots  of  the  ZT  region  of  material 
parameters  of  lattice  thermal  conductivity  and  weight  mobility 
that  can  lead  to  ZT >  1  [71]. 

This  discussion  indicates  that  a  good  thermoelectric  material 
must  have  good  carrier  mobility,  high  effective  mass,  and  a  low 
lattice  thermal  conductivity.  Moreover,  materials  with  complex 
crystalline  structure  and  high  atomic  weight  materials  such  as 
clathrates  and  chalcogenides  are  preferable  for  better  thermo¬ 
electric  materials  because  of  their  higher  ability  to  enhance 
phonon  scattering.  However,  Jeng  et  al.  [72]  conducted  a  compar¬ 
ison  of  the  thermal  conductivity  between  periodic  and  random 


Fig.  4.  Schematic  plot  of  lattice  conductivity  at  room  temperature  against  con¬ 
centration  of  second  component  in  Mg2(Si,Ge,Sn)  alloys  [66]. 


Lattice  Thermal  Conductivity  (W/m.K) 

Fig.  5.  Plots  of  constant  ZT  showing  the  region  of  material  parameters  space  that 
can  lead  to  ZJ  >  1.  The  lines  are  for  an  extrinsic,  optimally  doped  semiconductor  at 
room  temperature,  with  carriers  scattered  by  acoustic  phonons  [71]. 

nanocomposites  and  concluded  that  the  randomness  either  in 
particle  size  or  location  distribution  causes  only  slight  fluctuation 
but  is  not  a  dominant  factor  for  thermal  conductivity  reduction. 
The  microstructural  study  of  the  high  ZT  material  Mg2Si0.4-* 
Sn0.6Sb*  alloys  showed  that  the  lattice  thermal  conductivity  of 
these  materials  are  in  the  range  of  1.5-2.1  W/m  K  at  300  K,  as 
compared  to  7.9  W/m  K  of  Mg2Si  and  5.9  W/m  K  of  Mg2Sn.  Inter¬ 
estingly,  these  materials  showed  naturally  formed  nanoscale 
compositional/structural  modulations  which  are  believed  to  be 
responsible  for  the  low  value  of  thermal  conductivity  [58].  Zaitsev 
et  al.  [73]  introduced  Mg2Si  and  Mg2Sn  solid  solutions,  and  the 
results  indicated  reduction  in  thermal  conductivity  and  enhanced 
short  wave-length  phonon  scattering,  due  to  the  presence  of  point 
defects  and  optimized  band  structure,  such  as  band  inversion  and 
splitting. 

Further  investigations  by  Zhang  et  al.  [74]  on  Mg2(Si-Sn) 
compounds  indicated  that  a  significant  reduction  of  thermal 
conductivity  from  2.2  to  1.3  W/m  K  at  780  K  was  achieved,  result¬ 
ing  in  a  maximum  value  of  ZT=1.1  at  773  I<  for  the  single-phase 
Mg2Si0.4-xSn0.6Sbx.  Another  study  by  Zhu  et  al.  [75]  on  Mg2(Si-Sn) 
reveals  that  the  Sb  dopant  and  nanoscale  microstructure  signifi¬ 
cantly  reduced  the  lattice  thermal  conductivity  to  less  than  2.5 
W/m  K  and  thus  a  maximum  ZT  of  about  1.1  at  770  K  was  attained. 
A  study  was  also  carried  out  by  Liu  et  al.  [41]  on  Mg2Sii_*Sn* 
based  materials.  The  results  indicated  that  Sn-rich  precipitates  of 
in  the  range  of  several  tens  of  nanometers  were  dispersed  in  the 
Mg2Si0.4Sn0.6  matrix.  This  microstructure  may  serve  to  enhance 
the  boundary  scattering  of  phonons,  thus  low  lattice  thermal 
conductivity  could  be  achieved  in  the  range  of  300-700  K.  Conse¬ 
quently,  a  maximum  value  of  ZT  of  about  1.3  at  740  K  was  attained. 
In  addition,  a  greater  fundamental  understanding  on  the  physical 
explanation  behind  the  reduction  of  lattice  thermal  conductivity  of 
Mg2(Si-Sn)  thermoelectric  material  is  needed,  which  may  con¬ 
tribute  towards  improvement  of  the  material  properties  and 
scattering  of  phonons. 

2.2.  The  Seebeck  coefficient  and  Peltier  coefficient 

The  Seebeck  coefficient  S  or  thermoelectric  power  is  an 
intrinsic  property  of  the  material  which  is  related  to  the  material’s 
electronic  structure  76].  In  1821,  Thomas  Johann  Seebeck  dis¬ 
covered  the  phenomenon  of  thermoelectric  effect,  when  two 
dissimilar  materials  (iron  and  copper)  were  connected  together 
and  the  junctions  were  held  at  different  temperatures,  the  voltage 
potential  generated  was  proportional  to  the  temperature  differ¬ 
ence  [50].  The  voltage  difference  is  called  Seebeck  voltage,  which 
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is  relative  to  the  temperature  difference  between  the  two  junc¬ 
tions.  The  Seebeck  coefficient  can  be  expressed  by  the  following 
equation  [59]: 

S=V/(Th-Tc)  (8) 

where  S  is  the  Seebeck  coefficient  (V/K  or  pV/K),  V  is  the  voltage, 
and  Th  and  Tc  are  the  temperatures  of  hot  and  cold  sides, 
respectively.  The  sign  of  Seebeck  coefficient  S  can  be  positive  or 
negative,  which  indicates  on  the  direction  of  the  potential  voltage. 
For  p-type  semiconductors,  the  sign  of  the  Seebeck  coefficient  is 
positive  when  electricity  is  carried  by  holes.  Inversely,  for  n-type 
semiconductors  the  sign  of  the  Seebeck  coefficient  is  negative 
when  electricity  is  carried  by  electrons  [77].  Moreover,  the  Seebeck 
coefficient  is  very  low  for  metals  and  much  larger  for  semicon¬ 
ductors  [35].  Studies  were  conducted  by  Du  et  al.  [78]  on 
Mg2Si0.4Sn0.6  doped  with  Sb.  The  results  show  improvement  on 
the  carrier  concentration,  electronic  effective  mass  and  electrical 
conductivity,  but  decrease  of  the  Seebeck  coefficient  from 
-247.6  pV/K  to  -87.8  pV/K,  because  of  increase  of  the  Mg  excess 
content.  The  dimensionless  figure  of  merit  of  about  0.85  was 
achieved  at  700  K  for  this  compound.  Isoda  et  al.  [79]  studied 
Mg2Si0.4Sn0.6  doped  by  Bi,  and  found  that  the  Seebeck  coeffi¬ 
cient  decreased  from  -461.7  pV/K  at  435 1<  of  undoping  to 
-263.7  pV/K  at  815  K  with  Bi-doping.  A  maximum  ZT  of  0.87 
was  attained  at  630  K.  Another  study  was  conducted  by  You 
et  al.  [80]  on  Mg2Si0.4Sn0.6  thermoelectric  material  doped  by  Sb. 
The  result  shows  enhancement  of  the  Seebeck  coefficient  about 
-300  pV/K.  The  maximum  figure  of  merit  of  0.64  was  achieved  at 
723  K  for  Mg22Sio.7Sn0.3Sbo.oi.  A  further  study  by  Liu  et  al.  [61]  on 
Mg2Si  and  Mg2Sn  doped  with  Sb  indicated  that  the  Seebeck 
coefficient  progressively  increased  and  the  thermoelectric  figure 
of  merit  ZT  reached  exceptionally  large  values,  approximately 
1.3  near  700  K. 

On  the  other  hand,  the  phenomenon  of  the  Peltier  effect  which 
was  discovered  by  Peltier  in  1834  observed  that  when  an  electrical 
current  is  applied  to  the  junctions  of  two  dissimilar  materials,  heat 
is  either  absorbed  or  liberated  (carried  by  electrons  or  holes)  at  the 
junctions  depending  on  the  direction  of  the  current,  one  junction 
becomes  hot  and  the  other  becomes  cold.  The  Peltier  effect  can  be 
calculated  by  the  following  formula  [59]: 

n  =  Q/I  (9) 

where  77  is  the  Peltier  coefficient,  Q.  is  the  amount  of  heat  and  I  is 
the  electrical  current.  Indeed,  the  Peltier  coefficient  and  the 
Seebeck  coefficient  can  be  expressed  in  the  Kelvin  relations  by 
the  following  formula  [15]: 

n  =  ST  (10) 

Studies  conducted  by  Nolas  et  al.  [81]  mentioned  that  the 
relation  between  the  Seebeck  voltage  and  the  temperature  is 
linear  only  for  small  changes  in  temperature.  However,  for  high 
temperature  ranges  the  relationship  becomes  non-linear.  It  is 
therefore  important  to  state  the  temperature  at  which  the  Seebeck 
coefficient  is  being  specified.  Nevertheless,  Tirtt  et  al.  [82]  sug¬ 
gested  that  a  thermopower  >225  is  required  to  achieve  ZT  >2. 

2.3.  The  power  factor 

The  power  factor  is  defined  as  the  ability  of  a  material  to 
produce  useful  electrical  power.  It  has  been  found  convenient  to 
introduce  a  quantity  known  as  the  power  factor  that  contains  both 
the  Seebeck  coefficient  S  and  the  electrical  conductivity  <r,  as  an 
indication  of  the  power  produced  by  the  thermoelectric  material. 
The  classical  approach  to  achieve  a  high  value  of  the  power  factor 
with  high  Seebeck  coefficient  S  and  electrical  resistivity  p  or  (1/<j) 


can  be  represented  by  the  following  equation  [60]: 

PF  =  S2/p  (11) 

The  optimization  of  the  thermoelectric  material  properties  by 
enhancement  of  the  power  factor  (high  electrical  conductivity) 
and  reduction  of  the  thermal  conductivity  Kph  was  conceived  by 
Slack  through  introduction  of  the  concept  of  phonon-glass- 
electron-crystal  (PGEC)  materials  [35,37].  The  PGEC  describes  an 
ideal  thermoelectric  material  that  should  have  a  low  lattice 
thermal  conductivity  as  in  a  glass  or  an  amorphous  material,  and 
a  high  electrical  conductivity  as  in  a  crystal,  such  as  skutterudites 
(CoSb3),  clathrates  (Ba8Gai6Ge3o)  and  Zintl  phases  [75].  Slack 
estimated  that  an  optimized  PGEC  material  would  have  values  of 
ZT=4  in  the  77-300  K  temperature  range  [107].  The  PGEC 
approach  is  a  superior  strategy  which  can  reduce  the  thermal 
conductivity  without  affecting  electronic  properties,  which  subse¬ 
quently  enhances  ZT  of  the  thermoelectric  material.  In  recent 
years,  PGEC  materials  have  significantly  contributed  to  improve 
the  field  of  thermoelectric  primarily  through  the  reduction  of 
lattice  thermal  conductivity  [61,75]. 

The  carrier  concentration  that  yields  the  maximum  power 
factor  of  a  given  material  is  usually  close  to  that  which  gives  the 
highest  figure  of  merit  [66].  Generally,  the  range  of  electrical 
resistivity  for  semiconductor  materials  lies  between  103  and 
10_8S/cm  [83].  The  electrical  conductivity  of  Mg2Si  n-type  at 
room  temperature  is  56.8  S/cm  and  possesses  a  carrier  concentra¬ 
tion  of  2.24  x  1018  cm-3  at  room  temperature  [63].  For  example,  in 
2012,  Du  et  al.  [65]  investigated  the  Mg2Si0.5Sn0.5_xGaSb*  solid 
solutions  prepared  by  the  B203  flux  method  followed  by  hot 
pressing.  The  results  showed  that  the  electrical  conductivity 
increased  to  about  14.9  x  103  S/m  while  the  lattice  thermal  con¬ 
ductivity  decreased  (2  W/m  K)  with  increasing  GaSb  content  about 
0.08.  The  maximum  dimensionless  figure  of  merit  of  about  0.47 
was  obtained  at  660  K.  In  the  same  year,  Du  et  al.  [84]  further 
studied  Mg2Si0.58Sn0.42_xBi*  n-type  thermoelectric  materials.  The 
results  showed  that  the  electrical  conductivities  increased  to 
~35  x  103  S/m  with  the  increase  of  Bi  doping,  while  enhancement 
of  the  power  factor  resulted  in  a  maximum  value  of  the  dimen¬ 
sionless  figure  of  merit  of  0.65  at  700  K.  Another  study  was  carried 
out  by  Zhang  et  al.  [62]  on  Mg2Si  and  Mg2Sn  doped  with  La,  where 
the  Mg2Si-rich  bulk  grains  were  in  situ  coated  by  Mg2Sn-rich  thin 
layers.  It  was  found  that  the  La  doping  dramatically  increased  the 
ratio  of  electrical  conductivity  to  thermal  conductivity  to 
~2.5  x  104  V2  K  in  the  composites  which  concurrently  improved 
the  power  factor.  As  a  result,  a  dimensionless  figure  of  merit, 
ZT=0.81,  was  attained  at  810  K  for  Mg2_xLax(Si,Sn).  Recent  studies 
were  conducted  by  Gao  et  al.  [45]  on  Mg2Si0.5-xSn0.5Sb*,  which 
was  synthesized  by  a  facile  and  cost-effective  B203  flux  method 
in  air.  The  results  showed  that  a  peak  power  factor  of  3.2  x 
10 _  3  W/m  K2  was  achieved  at  610  K,  and  obtained  the  maximum 
ZT  ~0.9  at  780  K.  A  maximum  power  factor  of  Sb-doped  Mg2Si  of 
about  3.0  x  10“ 5  W/cm  K2  at  773  K  was  achieved  by  Kajikawa  et 
al.,  and  3.3  xlO_5W/cmI<2  at  about  650  K  was  achieved  by 
Zhang  et  al.  which  indicated  significant  power  improvement  of 
the  Mg2Si-Sn  group  as  one  of  the  leading  candidates  for  materials 
in  thermoelectric  applications  [85  .  Research  was  conducted  by  Liu 
et  al.  [40]  on  Mg2(Si0.3Sn0.7)i_xSb*  thermoelectric  materials  fabri¬ 
cated  by  solid-state  reaction  and  spark  plasma  sintering.  The 
results  showed  that  high  electrical  conductivity  and  Seebeck 
coefficient  can  be  obtained,  corresponding  to  a  high  power  factor 
in  the  range  of  3.45-3.69  mW/m  K2  in  the  temperature  range  of 
300-660  K,  and  reached  a  maximum  ZT=  1.0  at  640  K.  Liu  et  al. 
have  performed  studies  on  Mg2Sii_*Snx  solid  solution  doped  by 
Sb,  which  showed  enhancement  of  the  power  factor  and  improve¬ 
ment  of  the  dimensionless  figure  of  merit.  The  highest  ZT  reached 
1.11  at  860  I<  [86]  and  1.25  at  800  K  [87]. 
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Evident  improvement  in  the  electrical  conductivity  is  the  main 
driver  in  the  improved  performance  of  Mg2(Si-Sn)  solid  solution 
as  thermoelectric  materials.  Accordingly,  large  effective  masses 
can  yield  high  power  factor,  a  similar  effect  with  low  thermal 
conductivity  may  achieve  very  high  values  of  ZT.  However,  the 
theoretical  and  experimental  studies  confirmed  that  significant 
improvement  on  power  factor  can  be  achieved  to  enhance  ZT. 


3.  Electronic  properties 

3.1.  Scattering  mechanism  for  carriers 

In  solids,  an  important  transport  behavior  is  the  scattering  which 
is  caused  by  carriers  or  phonons.  The  carrier  scattering  directly  affects 
the  electrical  conductivity  and  the  Seebeck  coefficient,  whereas 
phonon  scattering  affects  the  thermal  conductivity  [51].  Therefore, 
the  transport  properties  of  a  semiconductor  depend  strongly  on 
scattering  mechanisms  such  as  acoustical  phonon  and  optical  pho¬ 
non  scatterings,  ionized  impurity  scattering,  and  neutral  impurity 
scattering.  When  the  external  forces  are  applied  to  the  semiconduc¬ 
tor,  the  charged  carriers  will  reach  the  steady-state  conditions  by  the 
above-mentioned  scattering  mechanisms,  and  will  eventually  return 
to  equilibrium  conditions  when  these  forces  are  removed  from  the 
semiconductor  [77]. 

In  the  semiconductor  carrier-phonon  scattering  process,  there 
are  many  possibilities  that  a  carrier  can  undergo  a  change  in  state, 
the  availability  of  states,  absorbing  probability  or  phonon  emitting, 
and  the  carrier  phonon  interaction  strength.  Stationary  defects 
such  as  impurities  and  dislocations  and  the  dynamic  defects  such 
as  electrons,  holes,  and  lattice  phonons  have  a  high  possibility  to 
scatter  the  charge  carriers  in  a  semiconductor.  Therefore,  the  types 
of  scattering  mechanisms  involved  will  determine  the  overall 
transport  properties  of  a  semiconductor  [77].  Furthermore,  com¬ 
plex  structures  and  high  average  atomic  weight  materials  are 
preferable  for  improving  the  thermoelectric  materials  through 
enhancement  of  phonon  scattering  and  thus  reducing  the  thermal 
conductivity. 


3.2.  Carrier  concentration 

Generally,  in  intrinsic  semiconductor  materials,  there  are  two 
common  types  of  charge  carriers,  either  electrons  or  holes.  The 
interrelationship  between  carrier  concentration  and  Seebeck  coef¬ 
ficient  for  degenerate  semiconductors  can  be  expressed  by  the 
following  equation  [88]: 

S  =  (8fl2 Kg/3eh2)  xmxTx  (77/3n) A  2/3  (12) 

where  n  is  the  carrier  concentration  and  m*  is  the  effective  mass  of 
the  carrier.  An  increase  in  the  effective  mass  can  yield  very  high 
Seebeck  coefficients,  thus  increasing  the  power  factor  and  ulti¬ 
mately  enhance  ZT.  Fig.  6  reveals  the  maximum  efficiency  (ZT)  of 
thermoelectric  with  a  variation  of  <r,  S,  K  as  a  function  of  carrier 
concentration  (n)  [35,88,89].  This  implies  that  an  increase  in 
carrier  concentration  not  only  increases  electrical  conductivity 
but  also  increases  thermal  conductivity  and  decreases  the  Seebeck 
coefficient.  Moreover,  the  thermoelectric  power  factor  PF=S2cr 
reaches  a  maximum  at  higher  carrier  concentration  than  ZT.  The 
difference  between  the  peak  in  S2  cr  and  ZT  is  greater  for  the 
newer  lower  KL  materials.  The  reduction  of  lattice  thermal  con¬ 
ductivity  Kl  can  offer  to  a  two-fold  benefit  for  the  thermoelectric 
figure  of  merit,  which  leads  to  a  larger  Seebeck  coefficient  and 
allows  to  reoptimize  the  carrier  concentration  [88].  The  carrier 
concentration,  through  measurement  of  the  Hall  effect,  may  be 
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Fig.  6.  Comparison  of  thermoelectric  parameters:  Seebeck  coefficient,  electrical 
conductivity,  thermal  conductivity  and  figure  of  merit  [35,88,89]. 

determined  from  the  following  relationship  [78]: 

RH  =  \/n-e  (13) 

where  RH  is  the  Hall  coefficient  and  e  is  the  electronic  charge. 
Thus,  carrier  concentration  (n)  and  the  carrier  mobility  (y u)  are 
related  to  the  electrical  conductivity  (<r)  can  be  defined  as  [88] 

a  =  nepi  (14) 

where  ft  is  the  electron  mobility  which  may  be  defined  in  terms  of 
the  conductivity  cr,  effective  mass  m*c  and  the  relaxation  time  t,  by 
the  following  formula  [77]: 

fi  =  q(r)  /  m*  (15) 

Eq.  (2)  clearly  shows  that  a  good  thermoelectric  material  must 
possess  high  carrier  mobility  (~  1000  cm2 /V  s  for  Bi2Te3  and 
skutterudites)  [76],  high  effective  mass,  and  low  lattice  thermal 
conductivity,  which  lead  to  the  formulation  of  the  concept  of 
“phonon-glass-electron-crystal”  as  discussed  previously.  This 

typically  occurs  in  heavily  doped  semiconductors  with  optimum 

carrier  concentrations  between  1019  and  1021  carriers  per  cm3, 
which  falls  in  between  common  metals  and  semiconductors  [90]. 

The  coupling  between  all  the  thermoelectric  parameters  <r,  5, 
and  K  makes  the  improvement  of  ZT  difficult.  Heavily  doped 
semiconductors  are  useful  for  modulating  thermoelectric  perfor¬ 
mance.  Changes  in  the  dopant  and  doping  concentration  in 
semiconductors  may  affect  corresponding  changes  in  electrical 
conductivities  and  carrier  type  without  much  affecting  other 
properties  [51].  For  example,  doped  semiconductor  materials 
may  achieve  a  higher  electrical  conductivity  (~105S/m)  and 
remarkably  higher  Seebeck  coefficient  (~  200  pV/K),  while 
the  thermal  conductivity  remains  relatively  insignificant 
(~  0.5  W/m  K)  [51].  In  2011,  Gao  et  al.  [48]  studied  the  Mg2 
(Si-Sn)  Sb-doped  thermoelectric  material.  It  was  found  that  the 
carrier  concentration  increased  with  the  Sb  content,  thus  an 
improvement  of  the  power  factor  and  thermoelectric  figure  of 
merit  was  achieved.  In  the  following  year,  Liu  et  al.  [41  ]  investi¬ 
gated  the  Mg2Sii  _*Snx  based  compounds,  which  showed  enhance¬ 
ment  on  the  carrier  concentration  from  2.28  x  1018  for  the 
undoped  compound,  to  2.36  x  102°  for  doping  compounds.  These 
materials  possessed  excellent  thermoelectric  properties  and 
achieved  a  high  value  of  ZT.  Du  et  al.  [84]  studied  n-type 
Mg2Si0.58Sn0.42-xBix.  The  results  showed  that  the  carrier  concen¬ 
trations  increased  with  the  increasing  Bi-doping  and  reached  the 
maximum  dimensionless  figure  of  merit  of  0.65.  A  study  was 
conducted  by  Isoda  et  al.  [79]  on  Mg2Sii_*Sn*  of  the  Bi-doped 


M.B.A.  Bashir  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  37  (2014)  569-584 


575 


thermoelectric  material.  The  results  demonstrated  that  when  the 
carrier  component  of  thermal  conductivity  was  increased,  the 
phonon  component  of  thermal  conductivity  was  decreased 
slightly.  The  dimensionless  figure  of  merit  showed  noticeable 
enhancement  of  the  maximum  value  of  ZT=  0.87  at  630  K  using 
a  single-phase  of  Mg2Si0.5Sn0.5. 

Another  study  carried  by  Zhang  et  al.  [62]  on  Mg2(Si,  Sn)  with 
La  doping  showed  that  the  carrier  concentration  for  the 
doped  samples  is  in  the  range  4-9  x  1019  cm-3,  compared  with 
4  x  1018  cm-3  of  the  undoped  sample,  and  correspondingly 
demonstrated  enhancement  in  ZT  of  the  doped  composite. 
Research  conducted  by  Tani  and  Kido  [85]  on  Mg2Si  showed  that 
the  carrier  concentration  of  non-doped  Mg2Si  is  4.3  x  1017  cm-3, 
while  the  carrier  concentration  increased  with  Sb-doped  com¬ 
pounds  in  the  range  of  0.22-1.5  x  102°  cm-3,  which  also  corre¬ 
spondingly  increased  the  thermoelectric  performance.  A  further 
study  by  Gao  et  al.  [45]  on  Mg2Si0.5-xSn0.5Sbx  thermoelectric 
materials  showed  that  the  carrier  concentration  was  about 

4.9  x  1016  cm-3  for  the  undoped  compound,  and  was  substantially 
increased  to  3.3-7.1  x  102°  cm-3  for  the  doped  compound,  due  to  the 
effective  electron  doping  by  Sb.  Carrier  concentration  was  found  to  be 
increased  with  an  increasing  dopant  value,  and  while  the  carrier 
mobility  roughly  decreased  due  to  the  enhancement  of  carrier- 
carrier  scattering.  The  maximum  ZT  values  of  >  0.9  were  reprodu- 
cibly  obtained  at  780  K.  In  addition,  Du  et  al.  [84]  studied 
Mg2Si0.58Sn0.42  composites  with  Bi  additive  and  found  that  the  carrier 
concentration  was  considerably  increased  from  1.8  x  1018  of  the 
undoped  samples,  0.27-1.2  x  102°  cm-3  for  the  doped  samples. 

Furthermore,  there  is  a  strong  correlation  between  the  Mg 
excess  content  and  the  carrier  concentration:  where  the  carrier 
concentrations  for  Mg2Si0.5Sn0.5  doped  with  1.5  mol%  Sb  are 

3.9  x  102°  cm_3and  2.5  x  102°  cm-3  for  a  nominal  Mg  excess  of 
10  mol%  and  5  mol%,  respectively  [78].  Therefore,  a  literature  of 
Mg2Sii_*Snx  thermoelectric  based  material  shows  that  the  carrier 
concentration  was  significantly  increased  with  a  heavy  dopant, 
while  the  electronic  properties  have  been  improved  and  enhanced 
the  dimensionless  figure  of  merit  to  yield  a  peak  value. 

3.3.  Band  gaps  of  Mg2Si7  _xSnx  thermoelectric  materials 

The  band  gap  or  energy  gap  is  the  difference  in  energy  levels  of  a 
solid  material  where  electron  states  can  exist  [35].  The  band  gap 
generally  refers  to  the  energy  difference  between  the  top  of  the 
valence  band  and  the  bottom  of  the  conduction  band  in  insulators  and 
semiconductors.  The  band  gap  is  a  major  factor  in  determining  the 
electrical  conductivity  of  a  solid,  where  substances  with  large  band 
gaps  are  generally  insulators  and  those  with  smaller  band  gaps  are 
called  semiconductors,  while  conductors  either  have  very  small  band 
gaps  or  none,  due  to  the  overlap  in  the  valence  and  conduction  bands 
[35,91  ].  When  the  valence  electrons  are  excited  into  the  conduction 
band,  the  conductivity  of  a  semiconductor  increases.  The  energy  gap 
for  most  semiconductors  may  vary  between  0.1  and  6.2  eV  77]. 
However,  decreased  band  gap  semiconductors,  which  can  induce  an 
exponential  increase  in  charge  carrier  concentrations,  are  considered 
most  desirable  [92].  Theoretical  studies  of  the  electronic  structure  of 
Mg2Si  -  Sn  compounds  have  been  carried  out  by  several  groups  using 
the  pseudopotential  method,  they  were  found  to  be  anti-fluorite  type 
structures  of  small  band  gap  with  indirect  band  gaps  of  0.51  eV  for 
Mg2Si0.6Sn0.4,  0.77  eV  for  Mg2Si,  and  0.35  eV  for  Mg2Sn  [93].  Further¬ 
more,  Mg2Si0.3Sn0.7  was  found  to  possess  a  smaller  band  gap 
compared  to  Mg2Si0.4Sn0.6  and  Mg2Si0.5Sn0.5,  which  is  promising  for 
obtaining  higher  electrical  conductivity  [40].  As  a  comparison,  band 
gaps  for  well-known  semiconductors  are  1.12  eV  for  silicon  (Si),  0.7  eV 
for  germanium  (Ge)  and  0.08  eV  for  tin  (Sn)  [51,77,94]. 

In  addition,  for  the  two  compositions  Mg2Si0.4Sn0.6  and 
Mg2Si0.5Sn0.5,  the  band  gaps  are  about  ~  0.1  eV,  and  then  increased 


to  0.25  eV  for  compositions  richer  in  Mg2Si  [95],  and  for  Mg2Sii_x 
Ge*  solid  solutions  the  band  gap  is  between  0.05  and  0.23  eV 
[77,96].  Theoretically,  the  band  gap  of  the  semiconductor  Mg2Si 
was  found  to  be  0.2-0.7  eV,  while  Mg2Sn  was  determined  to  be  a 
bad  metal  with  a  density  of  states  at  the  Fermi  level  of  0.3  states 
eV-1  [97].  This  prediction  was  confirmed  experimentally  to  yield 
an  energy  band  gap  of  0.75-0.8  eV  for  Mg2Si  [63],  0.7-0.75  eV  for 
Mg2Ge  and  0.3-0.4eV  for  Mg2Sn  [96].  In  2011,  Lee  et  al.  [98] 
studied  Mg2Si  based  materials.  The  results  showed  that  the  band 
gap  remained  unchanged  at  about  0.77  eV,  although  the  electrical 
conductivity  was  consequently  increased  at  high  temperatures. 
Liu  et  al.  [99]  indicated  that  the  variations  of  Ga  doping  amount 
as  well  as  the  Mg  content  do  not  affect  the  band  gap  value  of 
Mg2(i+Z)(Sio.3Sn0.7)i_yGay,  which  remained  at  about  Eg=0.49- 
0.50  eV  for  all  the  samples.  Research  conducted  by  Gao  et  al. 
[48]  on  Mg2Si0.7Sn0.3  showed  that  the  band  gap  of  Sb-doped 
samples  varied  little  with  the  amount  of  the  Sb  dopant  as 
compared  with  the  undoped  samples.  The  trivial  changes  in  Eg 
suggest  that  doping  with  Sb  atoms  has  only  a  minor  effect  on  the 
band  gap  of  Mg2Si0.7Sn0.3  around  0.37-0.38  eV.  Nevertheless,  the 
band  gap  of  the  Mg2Si-Sn  group  showed  slight  changes  while 
doping  with  elements  or  almost  unchanged.  Thus,  the  important 
role  is  played  not  only  by  the  band  gap  width  but  also  by  the 
energy  gap  between  the  subbands  [100].  Two  subbands  of  the 
conduction  band  are  separated  by  a  small  gap  (AE<  0.5  eV),  and 
they  have  been  created  from  states  of  Mg  and  of  the  element  of  the 
IV-group.  In  the  Mg2Si0.4Sn0.6  solid  solution  the  gap  between 
subbands  is  practically  equal  to  zero.  In  this  case  the  electrons  of 
both  subbands  take  part  in  the  transport  phenomena,  which 
results  in  an  increase  in  the  thermoelectric  figure  of  merit  [101]. 


4.  Mg2(Si-Sn)  thermoelectric  materials 

Mg2(Si-Sn)-based  solid  solutions  have  attracted  a  great  deal  of 
attention  because  of  their  widely  available  base  materials, 
environment-friendly  constituent  elements,  and  promising  ther¬ 
moelectric  performance  with  higher  figure  of  merit  for  the  mid¬ 
temperature  range  102-109].  The  power  output  per  unit  mass  of 
many  known  thermoelectric  materials  can  be  lower  than  the 
Mg2(Si-Sn)  thermoelectric  material.  For  example,  the  density  of 
Bi2Te3  (7.93  g/cm3),  PbTe  (8.27  g/cm3),  CoSb3  (7.625  g/cm3),  and 
Sio.sGeo.2  (2.93  g/cm3)  are  significantly  higher  than  Mg2Si0.4Sn0.6 
which  is  only  2.9  g/cm3  [45].  Fig.  7  illustrates  the  current  thermo¬ 
electric  materials  and  indicates  that  Mg2(Si-Sn)  based  materials 
are  promising  thermoelectric  materials  with  high  ZT  [33].  The 
mobility  of  holes  for  Mg2Si0.4Sn0.6  solid  solutions  is  smaller  than 


T  (K) 


Fig.  7.  State-of-the-art  comparison  of  ZT  in  conventional  bulk  materials  and 
nanostructured  composite  materials  [33]. 
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that  of  electrons  by  a  factor  of  2  [108].  The  thermoelectric 
properties  of  the  compounds  Mg2Si  and  Mg2Sn,  together  with 
their  solid  solutions,  have  been  mostly  interesting  because  of  the 
significant  decrease  in  the  thermal  conductivity  compared  with 
the  pure  compounds  [66].  Although  the  figure  of  merit  ZT  of 
undoped  Mg2(Si-Sn)  based  materials  is  small,  about  0.18  at 
540  I<  [62],  there  is  a  great  opportunity  to  improve  the  Mg2(Si-Sn) 
thermoelectric  material  through  a  suitable  technique  for  medium 
temperature  applications.  Nevertheless,  several  investigations  have 
been  carried  out  regarding  electrical,  optical,  and  thermal  properties 
of  Mg2(Si-Sn)  [110-112]. 

The  Mg2(Si-Sn)  based  material  is  abundant  in  the  earth's  crust, 
silicon  has  the  second  highest  Clarke  number  and  magnesium  has 
the  eighth  highest  [113].  Correspondingly,  the  low  cost  of  these 
elements  as  thermoelectric  materials  is  implied,  thus  attracting 
considerable  interest  as  prospective  thermoelectric  materials  in 
the  medium  temperature  range  [114,115].  The  Clarke  number  is 
expressed  as  the  average  content  of  the  chemical  elements  in  the 


earth's  crust.  Magnesium  silicide  belongs  to  the  family  of  magne¬ 
sium  (IV)  group  that  crystallizes  in  the  anti-fluorite  structure 
phase  with  Si  in  face-centered  cubic  positions  and  Mg  in  tetra¬ 
hedral  sites,  and  with  three  atoms  per  primitive  unit  cell,  and  the 
Fm-3m  space  group  fixes  the  fractional  coordinates  of  all  atoms. 
The  molecular  structure  of  Mg2Si  is  shown  in  Fig.  8  [46,69]. 

Until  now,  the  most  tried  approach  to  improve  the  thermo¬ 
electric  performance  of  the  Mg2(Si-Sn)  based  material  has  been 
the  tuning  of  the  electrical  and  thermal  properties  by  the  grain 
size  and  doping  or  substitution  elements.  Fig.  9  demonstrates  the 
main  thermoelectric  properties  of  n-type  Mg2Si0.4Sn0.6  solid  solu¬ 
tion  [101].  The  best  results  of  ZT  were  reported  for  Mg2Si0.6Sn0.4 
based  thermoelectric  materials  rising  from  just  over  0.4  at 
500  K  [66]  to  1.3  at  740  K  [41].  Thus,  development  of  thermo¬ 
electric  materials  with  higher  efficiency  is  one  of  the  main  current 
interests  in  the  research  of  thermoelectric  materials.  Table  1  shows 
the  comparison  of  properties  of  mechanically  alloyed  Mg2Sii  _*Sn* 
thermoelectric  compositions  [41,48,79,80,116].  Fig.  10  shows 
two  different  phase  diagrams  for  the  Mg2Sn-Mg2Si  quasi-binary 
system  [116].  In  addition,  there  is  significant  potential  to  enhance 
Mg2(Si-Sn)  thermoelectric  materials  through  which  various  methods 
are  expected  to  be  achieved. 
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Fig.  8.  (a)  Unit  cell  of  Mg2Si  anti-fluorite  structure  with  the  Fm3m  space  group;  Mg 
atoms  (large  blue  circles)  and  Si  atoms  (small  red  circles)  [46,69].  (For  interpreta¬ 
tion  of  the  references  to  color  in  this  figure  caption,  the  reader  is  referred  to  the 
web  version  of  this  paper.) 


5.  Improvement  of  Mg2Sii_*Snx  thermoelectric  materials 
through  fabrication  techniques 

Several  different  compaction  techniques  have  been  utilized  to 
synthesize  thermoelectric  materials.  The  fundamental  principle 
behind  most  of  the  techniques  is  to  apply  high  pressure  for 
densification,  and  frequently  a  relatively  high  temperature  to 
soften  the  materials,  to  allow  better  filling  and  material  flow  by 
diffusion  to  eliminate  the  remaining  porosity.  The  challenge  is  to 
achieve  very  high  density  close  to  the  theoretical  density  and  low 
porosity  without  losing  the  nanoscale  microstructure  and  retain¬ 
ing  the  chemical  purity  of  the  material.  There  are  several  methods 
that  can  be  used  to  consolidate  thermoelectric  materials  such  as 
mechanical  alloying,  microwave  irradiation  [34],  field-activated 
and  pressure-assisted  synthesis  (FAPAS),  hot  pressing  (HP)  and 
spark  plasma  sintering  (SPS)  [85,117]. 

Hot  pressing  is  a  favored  technology  used  for  powder  con¬ 
solidation  and  manufacturing  processes  of  high  performance 
thermoelectric  materials.  Hot  pressing  technology  is  mainly  used 
to  fabricate  powder  materials,  through  application  of  high  pres¬ 
sure  (80  MPa)  with  high  temperature  (900-1073  K)  to  the 
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Table  1 

Comparison  properties  of  mechanically  alloyed  Mg2Sii_xSnx  compositions  at  different  temperatures  [41,48,79,80,116]. 


Properties 

Mg2Si 

Mg2Sio.sSno.2 

Mg2Sio.6Sno.4 

Mg2Sio.7-xSno.3Sbx 

Mg2Sio.5Sn0.5-Bi 

Mg2.2Sio.7Sno.3Sbo.oi 

Mg2.i6(Sio.6Sn0.4)o.985Sbo.015 

P  (g/cm3) 

1.94 

2.35 

2.85 

N/A 

N/A 

N/A 

N/A 

0  (1/ft  cm) 

0.11 

600 

450 

N/A 

6.56  x  10“6 

N/A 

N/A 

n  (1/ cm3) 

3  x  1016 

3  x  1020 

3  x  1020 

1.89-9.29  xlO19 

1.9  xlO26 

1.8  x  1019 

1.67  x  102° 

p  (cm2 /V  s) 

21 

18 

20 

19.88-29.02 

N/A 

1.74  x  10“ 1 

56 

K  (W/m  K) 

5.3 

3.9 

2.6 

3. 6-2.4 

1.93-2.61 

1.37 

0.5 

K  ph  (W/m  I<) 

5.3 

3.4 

2.3 

N/A 

1.75-1.91 

N/A 

N/A 

*</K  (cm2I</VJ) 

400 

530 

870 

N/A 

N/A 

N/A 

N/A 

S  (hV/K) 

-620 

-65 

-90 

N/A 

103.34 

-270 

N/A 

T(I<) 

300 

300 

300 

620 

630 

723 

740 

ZT 

4.4  x  10-4 

0.023 

0.03 

0.55 

0.87 

0.64 

1.3 

Mg,Sn  20  40  60  80  MgSi 

Mole  (%) 


Fig.  10.  Two  different  phase  diagrams  for  the  Mg2Sn-Mg2Si  quasi-binary 
system  [116]. 


specimen  simultaneously  [74,75].  Preparing  homogeneous  ther¬ 
moelectric  materials  is  crucial  by  extended  time  of  annealing  of 
the  hot  pressing  method.  In  addition,  this  method  offers  the 
opportunity  to  (a)  improve  mechanical  properties,  (b)  enhance 
thermoelectric  properties  of  material,  and  (c)  significantly  simplify 
production  engineering  of  thermoelements  [118].  Studies  were 
conducted  by  Isoda  et  al.  [119]  on  p-type  Mg2Sio.25Sno.75  with  Li 
and  Ag  double  doping  using  the  liquid  solid  reaction  method  and 
hot  pressing.  The  results  showed  an  improvement  in  thermo¬ 
electric  properties  and  increase  in  the  carrier  concentration 
(4.12  x  1025  m-3)  with  the  double  doping,  where  the  figure  of 
merit  reached  0.32  at  610  K. 

Gao  et  al.  [48]  investigated  Sb-doped  Mg2(Si-Sn)  thermoelec¬ 
tric  materials,  which  were  fabricated  using  three  different  pro¬ 
cesses:  induction  melting,  solid-state  reaction,  and  a  hot  press 
sintering  technique.  The  results  found  that  the  carrier  concentra¬ 
tion  increased  with  an  increase  in  the  Sb  content.  Sb  doping  has 
shown  an  improvement  in  the  power  factor  and  thermoelectric 
figure  of  merit  ZT  of  0.55  at  620  K.  Studies  were  conducted  by 
Isoda  et  al.  [79]  on  Mg2Sii_*Snx  of  the  Bi-doped  semiconductor, 
using  a  liquid-solid  reaction  followed  by  the  hot  pressing  method. 
The  results  showed  that  the  dimensionless  figure  of  merit 
enhanced  the  maximum  value  of  ZT=  0.87  at  630  K  with  a 
single-phase  of  Mg2Si0.5Sn0.5.  In  addition,  hot  pressing  was  found 
to  be  a  very  promising  technique  which  can  improve  thermo¬ 
electric  materials  properties,  while  the  Seebeck  coefficient  exhib¬ 
ited  increasing  trend  and  also  showed  improvement  in  the  power 
factor  which  yielded  a  peak  value  of  the  thermoelectric  figure 
of  merit. 

Developments  in  thermal  technology  introduced  the  spark 
plasma  sintering  (SPS)  technology,  which  is  also  known  as  field 
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Fig.  11.  Spark  plasma  sintering  technology  [121]. 


assisted  sintering  technique  (FAST)  and  the  pulsed  electric  current 
sintering  (PECS)  process.  SPS  is  a  rapid  sintering  technique  that  is 
assisted  by  pressure  and  electric  field  which  consolidate  powder 
materials  [120].  The  main  characteristics  of  the  SPS  technique  is 
that  it  utilizes  high  pulsed  current  through  the  graphite  mould  to 
activate  the  consolidation  and  reaction-sintering  of  powder  mate¬ 
rials  under  a  low  voltage  [34,58],  and  then  electrical  discharges 
will  occur.  The  technical  parameters  are  high  temperature,  pres¬ 
sure  and  formation  of  good  contact  between  the  powder  particles. 
SPS  also  has  the  additional  advantage  of  eliminating  gases  and 
moisture  which  is  adsorbed  on  the  surface  of  the  nanoparticles 
and  arcs  can  defect  the  oxide  layers.  SPS  has  the  unique  advantage 
of  using  DC  current  to  generate  internal  heat,  as  opposed  to 
conventional  hot  pressing,  where  the  heat  is  provided  by  external 
heating  elements.  The  clear  benefits  of  SPS  are  the  ability  to  retain 
nanostructures  and  significant  time  saving  (within  a  few  minutes) 
and  energy,  while  other  traditional  methods  require  hours  to  reach 
peak  temperature.  Densities  very  close  to  theoretical  densities  and 
excellent  thermoelectric  performances  have  been  achieved  by  SPS 
processes  [58].  Fig.  11  shows  the  stoichiometric  diagram  of  park 
plasma  sintering  technology  [121].  Furthermore,  the  comparison 
between  spark  plasma  sintering  (SPS)  and  hot  pressing  (HP) 
techniques  is  shown  in  Table  2  [121]. 

Studies  carried  out  by  Han  et  al.  [122]  on  n-type  Mg2(Si,  Sn,  Sb) 
as  raw  material  alloys  were  prepared  by  an  induction  melting  and 
the  SPS  method.  The  Seebeck  coefficient  S  and  electrical  resistivity 
p  first  increased  and  then  decreased  with  the  increase  in  the 
amount  of  doping.  The  ZT  value  for  (Mg2Si0.95Sb0.o5)o.4(Mg2Sn)0.6 
reached  the  highest  value  of  1.22  at  773  K.  Tani  et  al.  [123]  studied 
the  thermoelectric  properties  of  Al-doped  Mg2Sio.gSn0.i  fabricated 
by  spark  plasma  sintering.  The  results  showed  that  the  electron 
concentration  was  controlled  up  to  5.3  x  1019  cm-3  and  showed 
a  maximum  value  of  the  figure  of  merit  ZT  of  0.68  at  864  K,  which 
is  six  times  larger  than  that  of  the  undoped  specimen.  A  study 
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Table  2 

Comparison  of  spark  plasma  sintering  (SPS)  and  hot  pressing  (HP)  techniques  [121]. 


Parameter 

SPS 

HP 

Heating  rate 

>  2000  °C/min 

Limited  to  80  °C/min 

Productivity 

Enhanced  by  high  heating  rate 

Limited  by  long  processing  time 

Electric  power  consumption 

Low 

<1/3  than  required  for  SPS 

Control  for  the  thermal  gradient  for  functional  graded  materials  and  selective 
control  of  the  density  in  specified  regions 

Enabled  by  punch  die  geometry  and 
current  distribution 

Not  possible 

Nanosintering  and  sintering  under  meta-stable  conditions 

Promoted  by  the  high  heating  rate  and 
short  sintering  time 

Grain  coarsening  promoted  by  the 
slow  heating  process 

conducted  by  Liu  et  al.  [41]  investigated  the  Mg2Sii_xSnx  based 
compounds  which  were  fabricated  by  a  two  step  solid  state 
reaction  followed  by  spark  plasma  sintering.  The  results  indicated 
that  a  high  value  of  ZT  could  be  achieved,  of  about  1.3  at  740  K. 

Spark  plasma  sintering  (SPS)  techniques  have  revealed  a  large 
improvement  in  thermoelectric  material  properties  compared  to 
other  techniques  such  as  hot  pressing  and  cold  pressing. 
In  addition,  the  advantages  of  the  SPS  technique  include  very  high 
density  and  controlled  porosity,  combination  of  the  compaction 
and  sintering  stages  in  one  operation,  inexpensive  operation  cost, 
rapid  cycle  times  and  minimal  grain  growth  [121].  On  the  other 
hand,  the  disadvantages  of  spark  plasma  sintering  are  that  only 
simple  symmetrical  shapes  may  be  prepared,  and  an  expensive 
pulsed  DC  generator  is  required  [121]. 


6.  Nanostructuring  the  grain  size  of  Mg2Sii_xSn* 
for  thermoelectric  potential 

Traditional  approaches  of  thermoelectric  material  properties 
were  influenced  by  the  types  of  dopants  and  their  concentrations 
to  maximize  the  power  factor  S2p  and  enhanced  ZT  [124].  Both 
theoretical  and  experimental  research  have  been  trying  alternative 
approaches  to  develop  thermoelectric  materials  by  various  distinct 
strategies  such  as  exploring  effective  methods  for  phonon  scatter¬ 
ing,  introducing  nanostructured  grain  size,  grain  shape,  secondary 
phases,  dimension  reduction  and  introduction  of  porosity  to 
increase  the  performance  of  the  bulk  thermoelectric  materials 
[125-131].  Therefore,  as  mentioned  earlier,  Hicks  and  Dresselhaus 
established  the  idea  of  nanoscale  thermoelectric  materials 
approach  using  reduction  in  dimensionality,  which  offer  new 
strategies  to  vary  S,  cr,  and  I<  independently  and  enhance  ZT 
[132].  For  example,  nanostructures  such  as  quantum  dots  may 
cause  dramatic  enhancement  on  the  density  of  states  near  to  Ef, 
leading  to  improvement  in  the  Seebeck  coefficient  and  increased 
carrier  mobilities,  while  nanocomposites  and  nanowires  provide 
enhanced  boundary  scattering  of  phonons  at  the  barrier  well 
interfaces  [133].  Furthermore,  the  thermal  conductivity  of  the 
quantum  well  structures  is  smaller  than  the  bulk,  because  the 
quantum  well/barrier  interfaces  considerably  enhance  the  phonon- 
phonon  scattering  without  significantly  increasing  the  electron 
scattering  [134]. 

Given  the  ability  of  nanostructures  to  break  through  the 
barriers  in  thermoelectric  material  performance,  development  of 
bulk  nanostructured  materials  for  fabrication  of  a  large-scale  TEGs’ 
application  has  been  a  key  area  of  research  [135].  Mechanisms 
such  as  energy  filtering  at  grain  boundaries  and  phonon  scattering 
are  strategies  that  have  been  employed  to  improve  the  thermo¬ 
electric  figure  of  merit  [136].  For  example,  employing  nanoparti¬ 
cles  with  a  wide  distribution  of  sizes  will  result  in  phonon 
scattering  over  both  long  and  short  wavelengths,  thus  further 
reducing  the  thermal  conductivity  of  the  material  [137].  Fig.  12 
shows  a  classification  of  the  improvement  in  the  nanocomposite 


morphologies  in  terms  of  parameters  such  as  dimension  reduc¬ 
tion,  size  reduction  of  a  second  phase  and  grain  refinement  [138]. 

In  particular,  grain  refinement  is  a  viable  strategy  for  achieving 
a  higher  ZT.  Many  nucleation  sites  are  available  during  the 
solidification,  which  result  in  a  fine  grain  structure  which  is 
desirable  for  reduced  thermal  conductivity.  The  mechanism  of 
grain  formation  is  defined  by  the  rate  of  cooling  for  the  material, 
where  a  rapid  cooling  results  in  smaller  grain  size  and  coarse- 
edged  granules.  The  value  of  figure  of  merit  obtained  with  small 
grain  size  materials  is  significantly  higher  than  that  of  large  grain 
size  with  the  same  carrier  concentration.  Nanostructured  and  fine 
grain  sized  bulk  thermoelectric  materials  can  be  achieved  by 
mechanical  alloying,  rapid  solidification,  ball  milling  and  hot 
pressing  [139].  The  advantage  of  using  ball  milling  for  the  synth¬ 
esis  of  nanostructured  materials  has  the  ability  to  produce  bulk 
quantities  of  materials  at  room  temperature  conditions  in  a  solid 
state  using  simple  equipment  [126].  Planetary  ball  milling  is  a 
simple  and  cost-effective  method  of  breaking  down  powder 
particles  using  mechanical  impact  and  friction.  Parameters  of  the 
ball  milling  process  are  milling  time,  milling  speed,  ball  to  powder 
weight  ratio  (BPR),  ball  size  distribution,  and  materials  of  the 
milling  container  [140].  Properly  executed  ball  milling  under  inert 
conditions  will  result  in  the  formation  of  nanostructured  materials 
with  the  significant  ZT,  up  to  250%  for  both  n-  and  p-type  Sii  _xGex 
alloys  [59]. 

Enhancement  on  of  thermoelectric  performance  through 
reduction  of  grain  sizes  using  nanostructuring  approaches  have 
been  demonstrated  by  several  experimental  works.  For  example, 
Pshenai-Severin  et  al.  [141]  reported  that  the  thermoelectric 
materials  with  30  nm  grain  size  showed  an  increase  in  ZT  of  about 
38%  compared  to  microsized  grains.  Bux  et  al.  [59]  showed  that  the 
grain  sizes  were  reduced  to  20  nm,  the  lattice  thermal  conductiv¬ 
ity  could  be  reduced  about  90%.  Also,  Wang  et  al.  [142]  studied  the 
nanostructuring  approach  for  SiGe  alloys.  The  result  showed  a 
significant  reduction  in  the  thermal  conductivity  about  2.5  W/m  K, 
much  lower  than  that  of  the  conventional  bulk  alloys  about  4.6 
W/m  K,  and  increased  density  of  nanograin  boundaries,  resulting 
in  a  peak  ZT  of  about  1.3  at  900  °C.  Table  3  shows  a  comparison  of 
maximum  ZT  values  for  bulk  and  nanostructured  thermoelectric 
materials  [135].  Satyala  and  Vashaee  [143]  studied  the  analysis  of 
Mg2Si  nanostructuring,  the  results  showed  that  the  decrease  in  the 
grain  size  from  20  nm  to  5  nm,  led  to  a  36%  reduction  of  K ,  and 
enhancement  of  the  power  factor.  Another  study  on  nanoparticles 
showed  a  significant  reduction  in  thermal  conductivity  of  about 
50%  and  a  2-fold  increase  in  ZT  [144].  In  the  case  of  Mg2Sii_*Sn* 
solid  solutions  a  ZT  value  of  1.2  for  bulk  crystals  was  achieved, 
which  was  further  improved  to  1.4  for  bulk  nanostructured 
materials  [145].  Nanocomposite  thermoelectric  materials  have  also 
gained  interest  for  large-scale  commercial  applications  [47].  For 
example,  in  2009,  Wang  and  Mingo  theoretically  demonstrated 
the  introduction  of  nanoparticles  into  Mg2SixGeySni_x_y  alloys, 
which  considerably  improves  the  ZT  [113].  Fig.  13  illustrates  the 
effect  of  grain  size  through  the  electrical,  thermal  conductivities 
and  figure  of  merit  of  Mg2Si  thermoelectric  materials  [143]. 
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Fig.  12.  Summary  of  thermoelectric  material  structure  from  macro-  to  nanoscale,  (a-d)  Change  in  dimensionality:  (a)  bulk,  (b)  thin  film,  (c)  nanowire,  and  (d)  atomic  cluster, 
(e-h)  Grain  mixtures  from  micro-  to  nanoscale:  (e)  normal  micro-grained  bulk,  (f)  mixture  of  coarse  and  fine  grains,  (g)  nano-grained  bulk,  and  (h)  amorphous,  (i-1)  Size 
evolution  of  isolated  distinct  phases  or  atoms  in  the  composite:  (i)  normal  composite,  (j)  nanodispersions  located  inside  grains  or  at  grain  boundaries,  (k)  nano-inclusions  or 
nanodots,  boundary  modification,  and  (1)  atomic  doping  or  alloying,  and  vacancies  [138]. 


Table  3 

Comparison  of  maximum  ZT  values  for  bulk  and  nanostructured  thermoelectric 
materials  [135]. 


Material 

Bulk 

Nanostructured 

ZTmax 

Temperature  at 
which  ZTmax 
is  observed 

ZTmax 

Temperature 
at  which  ZTmax 
is  observed 

Si 

0.2 

1200 

0.7 

1200 

Si80Ge20  (n-type) 

1.0 

1200 

1.3 

1173 

Si80Ge20  (p-type) 

0.7 

1200 

0.93 

1073 

(Bi,Sb)2Te3 

0.9 

293 

1.4 

373 

CoSb3 

0.45 

700 

0.71 

700 

Introducing  an  acoustically  mismatched  second  phase  in  a  matrix 
is  another  way  to  reduce  the  lattice  thermal  conductivity  through 
an  additional  scattering  mechanism.  Fig.  12(i— 1)  gives  an  indication 
of  the  size  reduction  of  isolated  distinct  phases  or  atoms  in  the 
composite,  including  sphere-,  plate-  and  wire-shaped  dispersed 
phases  which  can  enhance  the  thermoelectric  properties  [138]. 

Summarily,  bulk  nanostructuring  has  become  a  favored 
remarkable  method  for  enhancing  the  thermoelectric  properties 
over  those  of  bulk  materials.  Moreover,  approaches  such  as  ball 


milling,  nanocomposite  fabrication  and  acoustical  mismatch  of 
secondary  phases  in  a  bulk  material  matrix  are  attractive  strategies 
of  improving  the  thermoelectric  figure  of  merit. 


7.  Doping  modulation  of  Mg2Sii_*Snx  thermoelectric 
materials 

In  the  previous  section,  reduction  of  dimensionality  that  has 
been  considered  for  many  studies  to  improve  the  thermoelectric 
performance  at  a  relatively  low  cost  has  been  discussed.  More 
recently,  element  doping  that  has  been  employed  to  improve  the 
thermoelectric  performance  of  magnesium  silicide  materials  has 
tuned  the  electrical  and  thermal  properties  by  element  doping  or 
substitution  [146].  Moreover,  the  doping  of  semiconductors  mate¬ 
rial  is  promising  to  improve  the  electrical  properties  of  thermo¬ 
electric  materials  without  altering  thermal  conductivity  [147]. 

In  this  context,  improvement  of  Mg2(Si-Sn)  thermoelectric 
material  performance  due  to  the  effects  of  doping  has  been 
extensively  investigated.  In  2012,  Du  et  al.  [84]  investigated 
Mg2Si0.58Sn0.42  compounds  by  Bi  doping,  the  electrical  conductiv¬ 
ity  was  increased  with  an  increase  in  the  Bi  doping  amount. 
In  studies  published  by  Zhang  et  al.  [62]  on  Mg2(Si-Sn)  thermo¬ 
electric  materials  doped  with  La,  the  Mg2Si-rich  bulk  grains  were 
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Fig.  13.  (a)  Comparison  of  calculated  electrical  conductivity  and  thermal  conduc¬ 
tivity  of  nanostructured  Mg2Si  versus  grain  size  and  (b)  variation  of  figure  of  merit 
with  grain  size  in  Mg2Si  [143]. 


in  situ  coated  by  Mg2Sn-rich  thin  layers,  and  they  demonstrated  a 
ZT  value  of  0.81  at  810  K.  Another  study  was  carried  out  by  Zaitsev 
et  al.  [148]  on  Mg2Sio.4Sn0.6  Sb-doped  compounds,  the  results 
showed  that  Mg2Si0.4Sn0.6  is  the  most  promising  system  for  the 
development  of  thermoelectric  efficiency  through  doping  with  the 
Sb  element,  and  achieved  a  ZT  ^  1.1  at  800  K. 

Moreover,  recent  studies  published  by  Liu  et  al.  [41]  on 
Mg2.i6Sio.4Sn0.6  solid  solution  and  adding  Sb  as  a  dopant  indicated 
that  the  Sb  doping  is  able  to  enhance  the  electrical  conductivity  of 
the  material  over  the  whole  temperature  range,  they  possessed 
excellent  thermoelectric  properties  and  achieved  a  high  ZT  value 
of  1.3  at  740  K.  In  2013,  in  studies  conducted  by  Liu  et  al.  [149]  on 
Mg2.i6Sio.4Sn0.6  solid  solutions  doped  by  Bi,  the  results  showed  an 
improvement  of  about  10%  in  comparison  to  values  obtained  by 
[41  ]  with  the  Sb-dopant.  This  improvement  comes  chiefly  from  a 
marginally  higher  Seebeck  coefficient  of  Bi-doped  solid  solutions. 
The  highest  ZT=  1.4  is  achieved  at  800  K.  Furthermore,  several 
experimental  studies  on  Mg2(Si-Sn)  based  composites  show  that 
the  thermoelectric  properties  have  been  enhanced  by  appropriate 
types  of  dopants.  Therefore,  the  element  doping  significantly 
influences  the  transport  properties  of  the  materials;  through  an 
increase  in  the  carrier  concentration,  which  impacts  the  electrical 
conductivity  and  subsequently  the  overall  power  factor  of 
these  thermoelectric  materials.  Doping  techniques  considerably 
decrease  the  lattice  thermal  conductivity,  particularly  in  the  high 
temperature  range  [86].  All  the  results  show  that  doping  technique 
for  enhancement  of  thermoelectric  performance  for  Mg2(Si-Sn) 
based  composites  is  reliable. 


8.  Applications  of  Mg2Sii_xSnx  thermoelectric  materials* 
device 

In  1996,  the  U.S.  Air  Force  conducted  a  survey  on  thermal 
considerations  on  the  performance  of  electronic  systems.  The 
results  indicated  that  more  than  50%  of  the  electronic  failures 
are  related  to  temperature  [150].  For  example,  significant  waste 
heat  is  emitted  from  electronic  domestic  appliances,  automobile 
electronics,  computers  and  portable  electronics.  The  thermoelec¬ 
tric  system  is  a  promising  method  to  convert  these  waste  heat 
energy  into  useful  energy  power  without  causing  pollution  or 
extra  energy  consumption  during  operation  [151].  Utilization  of 
waste  heat  as  a  potential  source  of  electricity  is  a  potentially 
“green”  technology  when  the  raw  materials  that  are  environmen¬ 
tally  benign,  the  fabrication  processes  are  energetically  conserva¬ 
tive  and  the  end  of  life  issues  are  managed  in  an  environmentally 
compatible  manner.  Furthermore,  tapping  ambient  waste  heat 
cushions  the  effect  of  environmental  warming  as  this  waste  heat 
is  channeled  into  useful  applications.  As  such,  thermoelectric 
technology  is  being  harnessed  in  applications  such  as  thermo¬ 
electric  cooling  (TEC),  thermoelectric  heating  (TEH)  and  thermo¬ 
electric  power  generation  (TEG)  [152-154]. 

For  TEH  and  TEC  configurations  based  on  the  Peltier  effect,  a 
voltage  difference  is  applied  through  the  object,  leading  to  a 
control  of  the  temperature  difference  [155].  The  majority  of  the 
applications  of  thermoelectric  devices  have  been  used  for  cooling 
purposes.  Normally,  the  heat  of  the  object  is  absorbed  by  the  cold 
side  of  the  thermoelectric  module,  and  the  hot  side  of  the  module 
is  attached  to  a  heat  sink  in  order  to  reject  this  heat  into  the 
atmosphere.  TEC  devices  have  been  widely  used  in  electronic 
equipment  such  as  diode  lasers,  IR  detectors,  car  seats  and 
refrigerators  [156-159],  where  the  modules  provide  a  fast  and 
precise  control  of  temperature,  and  are  noise-free  during  opera¬ 
tion  [160].  In  the  other  direction,  semiconductor  thermoelectric 
heat  pumping  (TEH)  is  a  very  interesting  technology  that  has  the 
capability  to  compete  with  conventional  heat  pumping  systems 
[161,162].  The  thermoelectric  heat  pump  (TEH)  is  a  heating  device 
which  potentially  provides  cost  savings  due  to  its  relatively  high 
efficiency  when  compared  to  resistance  heating  device.  TEH 
devices  have  been  developed  for  applications  such  as  clothes’ 
dryers,  water  heaters,  and  incubators  [163].  Furthermore,  they 
have  the  potential  to  be  used  in  specific  applications  including  the 
military,  areospace,  instrument,  biology,  medicine  and  industrial 
or  commercial  products  [164,165].  The  thermoelectric  heat  pump 
has  the  advantage  over  for  traditional  heat  pump  in  terms  of  lower 
noise  level  and  compressor  vibration,  and  reduction  in  weight  and 
size  [162]. 

Thermoelectric  generators  (TEGs)  modules  for  waste  heat 
conversion  consist  of  arrays  of  p-type  and  n-type  semiconducting 
junctions  which  are  electrically  in  series  and  thermally  in  parallel, 
as  shown  in  Fig.  14  [166].  Given  its  scalability,  TEGs  may  be  utilized 
to  suit  a  range  of  power  needs.  On  the  miliwatt  scale,  TEGs  have 
the  potential  to  supply  power  to  low  power  applications  such  as 
wireless  sensors,  mobile  devices,  and  even  medical  applications 
[167,168].  In  1998,  Seiko  incorporated  thermoelectric  into  wrist- 
watches,  which  utilizes  thin  bulk  thermoelectric  devices  driven  by 
body  heat,  the  result  the  energy  consumption  reduced  of  approxi¬ 
mately  1  pW  [22].  TEGs  have  also  been  used  in  domestic  situations 
such  as  waste  heat  recovery  for  woodstoves  and  diesel  power 
plants  169].  Bi-Te  TEG  modules  are  already  commercially  avail¬ 
able,  such  as  those  manufactured  by  Komatsu  and  Ferrotec  [43]. 
Since  the  recognition  of  the  potential  of  Mg2Si  as  thermoelectric 
materials,  silicides  based  TEG  modules  are  currently  being  devel¬ 
oped  by  Murata  Corporation  [170]. 

In  order  to  develop  commercial  Mg2(Si-Sn)  TEG  modules, 
balanced  p-type  and  n-type  materials  must  be  readily  available. 
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Fig.  14.  Basic  thermoelectric  device  for  (a)  heat-to-electrical  energy  conversion  and  (b)  heat  pumping  [166]. 


Fig.  15.  Seebeck  coefficient  as  a  function  of  magnesium  composition  for 
MgxSi0.25Sn0.75  at  room  temperature  [119]. 

Most  of  the  Mg2(Si-Sn)  material  solid  solutions  display  favorable 
n-type  thermoelectric  properties  in  the  temperature  range  of  500- 
900  K  [171  ].  On  the  other  hand,  the  preparation  of  a  stoichiometric 
composition  with  p-type  conduction  is  very  difficult.  Fig.  15  gives 
an  idea  of  p-type  and  n-type  MgxSio.25Sno.75  stoichiometric  com¬ 
position  solid  solutions  with  their  corresponding  Seebeck  coeffi¬ 
cient  [119].  Studies  were  conducted  by  Nemoto  et  al.  [172]  on 
thermoelectric  modules,  which  are  composed  only  of  n-type 
Sb-doped  Mg2Si  legs,  of  dimensions  of  21  mm  x  30  mm  x  16  mm. 
The  results  showed  a  ZT  value  of  0.77  at  862  K  and  the  observed 
values  of  the  open-circuit  voltage  and  output  power  were  496mV 
and  1211  mW,  respectively  at  AT=531  K.  Kaibe  et  al.  [173]  have 
successfully  implemented  silicide  thermoelectric  modules  consist¬ 
ing  of  p-MnSii.73  and  n-Mg2Si0.4Sn0.6,  both  doped  with  Sb.  The 
results  showed  that  the  efficiency  more  than  6.5%  at  Th=550  with 
Tc= 30  has  been  obtained. 


9.  Efficiency  of  thermoelectric  devices 

Despite  the  initial  promise  of  TEGs  for  waste  heat  harvesting 
into  electricity,  currently  the  applications  are  extremely  limited 
by  their  inefficiency.  The  efficiency  of  a  thermoelectric  device 
depends  on  several  factors  other  than  the  maximum  figure  of 
merit,  ZT,  of  the  materials.  The  system  efficiency  at  maximum 
power  output  is  inversely  proportional  to  the  sum  of  the  heat 
dissipation  of  the  resistances  of  the  hot  and  cold  terminals  in  the 
TEG  modules  [174].  The  technical  report  from  Komatsu  mentioned 


that  the  conversion  efficiency,  rj,  of  their  TEG  modules  are  between 
12%  and  15%  over  a  wide  temperature  range,  from  room  tempera¬ 
ture  to  around  600  °C  [43].  The  overall  efficiency  of  a  thermo¬ 
electric  generator  device  rj  is  limited  by  the  Carnot  cycle  and  the  ZT 
figure  of  merit  of  the  entire  device  and  depends  on  the  tempera¬ 
ture  difference  AT=(Th-Tc )  across  the  device,  which  accounts  for 
the  individual  ZT  of  the  n-  and  p-type  legs  from  [175] 

7  =  (AT/Th).((V(l+ZT)-l)/(V(l+ZT)  +  (Tc/Th)))  (16) 

AT=(rh-rc)  is  the  temperature  difference  at  hot  and  cold  sides. 
Like  all  heat  engines,  the  maximum  power-generation  efficiency  of 
a  thermoelectric  generator  is  thermodynamically  limited  by  the 
Carnot  efficiency  (A T/Th).  Therefore  the  efficiency  of  a  thermo¬ 
electric  device,  operating  in  a  cooling  or  refrigeration  method,  is 
expressed  by  the  following  coefficient  of  performance  (COP)  [176]: 

COP  =  (heat  absorbed)/(electrical  power  input)  (17) 

The  COP  of  thermoelectric  cooling  or  refrigeration  is  lower  than 
the  conventional  refrigeration  techniques  approximately  by  a 
factor  of  0.5  [177].  Approximately  90%  of  the  commercially  avail¬ 
able  thermoelectric  modules  are  manufactured  from  bismuth 
telluride  because  it  exhibits  TE  efficiency  in  the  range  of  6-8% 
[38,39].  However,  the  disadvantages  of  Bi2Te3  compounds  are 
inherent  toxicity  and  limited  chemical  stability  at  high  tempera¬ 
tures  in  air  [166].  Magnesium  silicides,  having  been  considered  as 
alternative  thermoelectric  materials,  have  demonstrated  that 
TEGs  with  an  element  efficiency  of  6.4%  have  reportedly  been 
achieved  using  a  combination  of  microstructure-controlled 
MnSii.73  (p-type)  and  Mg2Si  (n-type)  [16].  Furthermore,  the 
efficiency  two-segmented  thermoelectric  modules  fabricated  from 
n-type  Mg2(Si0.3Sn0.7)i_xSbx  based  materials  reached  the  highest 
efficiency  of  about  8.5%  at  the  range  of  temperature  323-773  K  at  a 
power  of  19.9  W  [178].  To  achieve  the  initial  promise  of  TEGs  as 
commercially  viable  energy  harvesting  devices,  a  dimensionless 
figure  of  merit  ZT  of  greater  than  unity  and  relevant  to  10% 
conversion  efficiency  will  be  required  [4].  The  beneficial  effect  of 
using  thermoelectric  power  generation  can  be  taken  by  example  of 
its  application  in  diesel  engines,  where  around  43  MW/h,  or 
167  GWh  per  annum  of  power  savings  can  be  achieved. 
This  corresponds  to  crude  oil  savings  of  40,600  kl/year,  and  the 
reduction  of  C02  emission  is  approximately  by  20,200  t/year  [43]. 
Given  the  promise  of  such  improvements  in  the  global  energy 
consumption  and  reduction  in  greenhouse  gases,  the  search  for 
Mg2(Si-Sn)  remains  a  viable  candidate  for  commercial  thermo¬ 
electric  materials. 
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10.  Conclusion 

This  review  summarizes  the  recent  progress  of  Mg2Si-Sn 
materials  as  a  contender  for  thermoelectric  applications,  especially 
in  the  mid-temperature  range  of  500-900  K.  The  thermoelectric 
performance  of  this  class  of  materials  has  been  reviewed  in  terms 
of  the  material  parameters,  i.e.  thermal  and  electrical  conductiv¬ 
ities,  Seebeck  coefficient  and  power  factor.  The  development  of 
these  materials  has  been  discussed,  especially  in  terms  of  nanos¬ 
tructuring  and  element  doping  approaches.  Among  these  meth¬ 
ods,  ball  milling,  hot  pressing  and  spark  plasma  sintering  have 
been  identified  as  well-established  techniques  to  achieve  fine¬ 
grained  structures,  which  serve  to  improve  the  thermoelectric 
figure  of  merit  and  subsequently  allow  for  a  large-scale  production 
of  these  materials  for  commercial  applications.  The  material 
advantages  of  these  classes  of  materials,  such  as  availability  of 
raw  resources,  lowered  material  and  production  costs,  relatively 
high  figure  of  merit  and  lack  of  toxicity,  have  furthered  their 
potential  as  a  next  generation  materials  in  thermoelectric  gen¬ 
erator  applications. 
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